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corporate the mismatched bases by using the muta-Infidelity Out in the Open
genic Mn2 instead of Mg2, the physiological metal
cofactor. The complex structures of BF obtained via
either method were reassuringly very similar (Johnson
and Beese, 2004). It should be noted that pol , BF, andThe crystal structures of DNA polymerase  in com-
Dpo4 lack an intrinsic 3 to 5 proofreading activity,plex with two different mispairs (A-C and T-C) reveal
which would likely compete with the polymerase activethat the two bases stack partially, rather than engage
site for the mismatched base.in hydrogen bonding with each other (Krahn et al.,
The polymerase domain of pol  is divided among2004, this issue of Structure). The N-domain of the
three subdomains: the catalytic or C subdomain, whichpolymerase, which is closed when the correct nucleo-
harbors conserved acidic residues that bind two metaltide pairs with the template base, adopts a partially
ions important for catalysis, the duplex or D subdomain,open conformation suboptimal for catalysis.
which binds duplex DNA, and the nascent base pair
binding or N-subdomain. Earlier structures had shown
DNA polymerases replicate the genome with exquisite that the N domain adopts either an open (inactive) or
accuracy, incorporating a noncomplementary nucleo- closed (active) conformation (Sawaya et al., 1997). The
tide across a template base only once in every 10,000– latter is observed only when the polymerase is bound
1,000,000 bases, which results in a mismatch or mispair to duplex DNA and the correct nucleotide. Interestingly,
(Kunkel, 2004). Recognition of the shape and size of the in the mismatched structures, the N subdomain adopts a
base pair in the active site plays a critical role in the previously unseen intermediate conformation. This new,
selection of the correct incoming nucleotide (Echols and suboptimal conformation, which results from the pres-
Goodman, 1991; Doublie´ et al., 1999; Kool, 2002). Crystal ence of the staggered mispair in the active site, is consis-
structures of DNA polymerases bound to duplex DNA tent with a proposed induced-fit mechanism for fidelity.
and incoming nucleotide have revealed that the nascent Earlier structural studies of mismatches within a du-
base pair formed by the template base and incipient plex DNA in the absence of protein have shown that
nucleotide fits tightly within the polymerase active site, base pairing occurs via nonstandard hydrogen bonds
in such a way that only an undistorted base pair can (Echols and Goodman, 1991). In the crystal structures
be readily accommodated (Brautigam and Steitz, 1998; described by Wilson and coworkers, the two members
Doublie´ et al., 1999), thereby providing a structural basis of the mispair partially stack rather than hydrogen bond
for the selection of the correct nucleotide. In spite of to each other. Specific side chain interactions from
their high level of accuracy, DNA polymerases are known Tyr271 and Arg283 stabilize the staggered base confor-
to occasionally stumble. It was unclear until recently mation in the A-C structure. In the T-C complex only
how exactly the polymerase’s interactions with the na- Tyr271 interacts with the mispair. This illustrates that
scent base pair would be altered in the event of a mis- the interactions of the polymerase with the mismatched
match. In this issue of Structure, Wilson and coworkers bases may be unique to each mispair, which was also
describe for the first time two structures of mismatched reported for BF (Johnson and Beese, 2004). Only one
bases (A-C and T-C) within the active site of a DNA metal is seen in the pol  mispair structures, instead of
repair polymerase of the pol X family, DNA polymerase the two described in other high-resolution structures of
 (pol ) (Krahn et al., 2004). These pol  complexes DNA polymerases with DNA and incoming nucleotide
nicely complement the comprehensive study on all (Steitz, 1999). Distortions are observed in both the
twelve possible mispairs in the active site of Bacillus primer and template strands, which shift away from the
DNA polymerase I fragment (BF), a polymerase of the active site by about 3 to 5 A˚. A similar shift of the DNA
A family (Johnson and Beese, 2004) and the recent struc- duplex away from the polymerase active site resulting
ture of a G-T mispair in the active site of Dpo4, an error- in a reduced number of minor groove interactions was
prone Y family polymerase (Trincao et al., 2004). also observed in a crystal structure of a family B poly-
Obtaining complexes of DNA polymerases bound to merase where AMP was “mispaired” with a site of base
a mismatch has been a long anticipated milestone in loss (Hogg et al., 2004).
the polymerase field. The task is not trivial, as the binding The structures of pol  bound to a mispair, along with
affinity of a polymerase for an incorrect nucleotide is those of BF and Dpo4, have increased tremendously
generally much lower than its affinity for the correct our understanding of the distortions and disruptions
nucleotide. Wilson and coworkers created a mispair by within the active site of a polymerase in the context of
annealing primer and template strands containing two a mismatch and pave the way for further biochemical
noncomplementary bases with a downstream oligonu- and structural studies. For example, sequence contexts
cleotide. Proper annealing resulted in a nick, which are known to influence the mutagenic potential of DNA
placed the mispair at the polymerase active site. Cocrys- lesions (Hatahet et al., 1998). Furthermore DNA polymer-
tallization strategies to place a mispair at the polymerase ases can differ sharply in their behavior vis-a`-vis a mis-
active site were also used for both BF and DPO4 (John- pair. Mismatches that are relatively benign for some
son and Beese, 2004; Trincao et al., 2004). In addition, polymerases are strong blocks for others. A G-T mis-
match can be readily extended by BF polymerase (John-Johnson and Beese achieved the feat of having BF in-
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process will help elucidate events leading to misfoldingProtein Folding: Simple Models
and resulting pathologies such as prion diseases.for a Complex Process The paper by Islam and collaborators (2004) in this
issue shows that the diffusion-collision model, a simple
phenomenological model with a coarse-grained approx-
imation of protein structure, correctly describes the se-
quence of events and folding kinetics of two 60 residueTwenty-eight years after its original publication, the
/ protein domains of proteins G and L. Specifically,diffusion-collision model has successfully been ap-
the domains under observation are the B1 segments ofplied to describe the folding kinetics of two proteins
the IgG binding domain of each protein. The diffusion-with the same native structure but different sequences
collision model approximates regular elements of sec-(Islam et al., 2004, this issue of Structure). The calcula-
ondary structure ( helices and -hairpins) as hardtions show the relative importance of the primary and
spheres connected by flexible featureless stringstertiary structure on the sequence of events and fold-
(loops). These secondary structure elements are in fasting. For both proteins, the model suggests parallel
equilibrium between the native and denatured state andfolding pathways, a finding which has wide implica-
the folding process involves diffusion of these elements,tions for the interpretations of experiments.
collision, and occasional coalescence (Karplus and
Weaver, 1976). Folding rates, and the probability of iso-
To be functional, proteins must fold into a particular lating any particular folded species over time, are calcu-
three-dimensional structure (native state). Protein fold- lated using a diffusion equation. Remarkably, the validity
ing is a complex process involving noncovalent interac- of the diffusion-collision model was recently confirmed
tions throughout the entire molecule, many degrees of for  helical proteins by combined experimental (φ-value)
freedom, and a fine balance between enthalpic and en- analysis and an explicit water molecular dynamics simu-
tropic contributions to the free energy (Dill and Chan, lation study for a 61-residue three-helix bundle (En-
1997; Karplus, 2000). For single-domain proteins of less grailed homeodomain from Drosophila melanogaster)
than 100 residues, it is known that those with predomi- (Mayor et al., 2003).
nantly -helical structure in the native state fold faster The two proteins chosen by Islam et al. (2004) not
than -sheet proteins. Yet, a better understanding of only extend the range of applicability of the diffusion-
the relative role of native state structure and amino acid collision model to proteins with significant  sheet con-
sequence in the kinetics of protein folding is still needed. tent but also allow also one to isolate effects due to
The improved understanding of the folding process will kinetics and the primary or tertiary structure. This is
be of practical relevance to researchers in biotechnol- possible because, despite a sequence identity of only
ogy and medicine because a large volume of predicted 15%, protein G and protein L have the same native
protein sequences obtained from the human (and other) structure. Their folded state is symmetric and consists
genome projects require folding kinetic analysis before of a central -helix packed on a four-stranded mixed
-sheet formed by N- and C-terminal -hairpins. Thethey can be put to use. Moreover, insights in the folding
